Abstract-A useful application of antenna arrays is interference rejection. This paper describes a circular antenna array that was designed to reject interference in a mobile satellite receiver from a close-proximity source of interference. Since this interference source can move relative to the satellite antenna, the antenna array must adaptively adjust its null direction accordingly. The particular design of the circular array necessitated a significant size reduction in the radiating elements. Therefore, size reduction techniques were applied to circular patch antennas to allow them to fit in the circular array.
INTRODUCTION
Electromagnetic interference can disrupt mobile satellite communication, especially when a high-power terrestrial interfering source is in close proximity to a mobile satellite receiver. Often these jamming sources are broadband and present significantly more power density on the receive antenna than the desired satellite signal, simply due to their close proximity relative to the transmitting satellite. In this case, the co-channel interference can easily overpower the desired satellite signal. In addition, adjacent-channel interference can also occur from these close-proximity interferers, due to nonideal filtering. One way to mitigate this co-channel and adjacent-channel interference is with adaptive beam-forming phased-array antennas.
II. ARRAY DESIGN
Two general methods of adaptive beam steering could be considered for interference rejection, both of which would result in a favorable signal-to-interference ratio (SIR). The first method is to simply steer a narrow main beam toward the desired source, and presuming that the interfering signal is outside the narrow main beam, the satellite receiver would likely experience a useable SIR. While this main-beam steering method is theoretically possible, it is impractical for UHF frequencies, due to the required physical array size [1] .
A more reasonable approach is to use an electrically smaller array without much directivity, and instead, rely on beam forming to create a deep null in the direction of the interference signal. Much less directivity is required to create a null than to create a narrow beam [1] [2] . So without the need for high gain, the aperture size can be made much smaller. In fact, we were able to achieve a 20-dB steerable null with a phased ring array, with only a 0.4-wavelength diameter, as shown in Fig. 1 . At a frequency of 500MHz, the array diameter is only 0.24 meters in free space. The array factor for this equally-excited six-element array is [3] ( )
is the required phase shift for each nth element, when the main beam is steered toward the horizon, i.e., 
III. PATCH ELEMENT DESIGN
To further suppress interfering power from all compass angles (azimuth) along the horizon, we used circular patch antennas as the radiating elements, due to their threedimensional antenna patterns, as well as their polarization versatility. However, patch antennas typically resonate with 
Since a gap between elements is necessary, the elements must be reduced by more than 50%, in order to prevent them from overlapping each other and to avoid mutual coupling. Fortunately, some size reduction is due to the dielectric constant of the material between the patch element and the ground plane [4] . We decided not to use exotic material, or even Roger's Duroid with high permittivity, due to cost, ease of workability, and the decreased bandwidth that comes with higher dielectric constant. Therefore, we settled on readily available and inexpensive FR4 as our patch antenna material. This limited the dielectric constant to 8 . 4 = r ε , which would ideally reduce the size by 45%. However, the effective relative permittivity is significantly less than the dielectric constant and depends on the substrate thickness, as well as the element radius. Therefore, we needed additional techniques to significantly reduce the patch size. Experimental results showed that an inter-element spacing of at least 7% of a wavelength provided a S 21 scattering parameter between elements of at least 20dB. This spacing requirement resulted in a necessary size reduction of 75%, i.e., the actual patch could not exceed 25% of its resonant size in free space. There has been past effort to take advantage of the recursive nature of fractal antennas [1] [5]; however, we seemed to acquire better results using slits in the radiating elements, which are known to make the radiating elements appear electrically larger, as well as increasing their bandwidth [6] . Fig. 4 shows a mask of the radiating patch element, which achieved the desired size reduction. The slits etched into the circular patches provided an additional 53% size reduction compared to the FR4 without the slits. The S 11 scattering parameter for each of the modified patches, in Fig. 4 , was measured, and a typical plot is shown in Fig. 5 , indicating better than -15dB, which translates to an SWR of 1.4:1. The radiation pattern of a single element is shown in Fig. 6 and illustrates that the element pattern itself provides at least 6dB of attenuation in the horizontal direction, compared to the zenith, even before applying the array factor. Since the actual radiation pattern is the product of the element and array factors, this 6dB of suppression along the horizon will add to the attenuation of the null that the array creates.
IV. BEAMFORMING
Equation (2) was programmed for azimuth angles in 10-degree increments, in order to generate the required phase shifts for each element to combine and form the pattern described by (1) . Fig. 7 shows typical measured azimuth patterns for two particular steered azimuth angles, each toward the horizon. These patterns indicate that the depth of the null in the horizontal plane is typically 20dB, compared to the maximum power in the horizontal plane. Fig. 8 is an elevation pattern in the vertical plane that is perpendicular to the plane containing the null. This elevation pattern indicates that there is 10dB of attenuation from zenith to horizon that will add to the attenuation created by the null, not shown in Fig. 8 . Combining the attenuation from the elevation and azimuth patterns, along the horizontal plane, the steerable null provides more than 30dB of attenuation relative to the zenith direction.
V. INTERFERENCE TRACKING
Two identical beam-forming networks were connected to the array, each consisting of amplifiers, programmable phase shifters, and combiners, which formed antenna patterns similar to Fig. 7 and Fig. 8 . One of these networks acted as a scanner, continuously rotating the null in azimuth, while an on-board computer controlled phase shifter and recorded the received power level. The system kept track of the direction of the least power received, and directed the other identical beam-forming network to lock its null toward that direction. This locked-on beam-former was connected to the receiver. As the interference signal changed directions with respect to the array, the system immediately tracked the new angle and updated the required phases in order to steer the null of the second beam-former in that direction, thus maintaining the antenna-pattern null in the direction of the interference signal. Our application allowed for this simple tracking routine because if the particular interference signal of concern was present, it always overpowered the satellite signal in the horizontal direction. When the offending transmitter was sufficiently far so that this assumption was invalid, it no longer created an interference problem, and the phased were adjusted to turn off the null, creating an omnidirectional pattern. For a more general application, when the desired signal cannot be assumed to emit from above the horizon, this simple approach would prove insufficient. However, there are numerous adaptive-null steering techniques that rely on more exotic algorithms that can be combined with this array [8] . showing 10dB zenith/horizon ratio.
VI. TESTING
As a proof of functionality, the circular array, along with controlling circuitry and the two beam-forming networks, was tested in an anechoic chamber. The system successfully suppressed an interference signal from a 20-Watt transmitter, through a 7dB antenna that was only three feet from the array, while simultaneously receiving a signal from a much weaker 300mW transmitter, through a 0dB antenna that was 25 feet from the array. This transmit-power and distance difference represents a -20dB SIR, which the array was able to resolve to a full-quieting signal through a receiver that was connected to the array. The test setup is shown in Fig. 9 . 
VII. CONCLUSION
A six-element phased array, in a ring configuration, of circular patch antennas was constructed, resulting in radiation patterns that created a steerable 20dB null in azimuth. Combined with the 10dB of attenuation at the horizon, compared to the zenith, 30dB of attenuation could be steered in all 360-degrees of azimuth to suppress interference in a satellite communication receiver. This system was used to successfully locate an interference signal and to produce a full-quieting radio signal in the presence of a -20dB signal to interference ratio.
